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Paleokarst features are important to understand, both with regards to research geologists 
and to the petroleum industry. In terms of geology, understanding paleokarst features can yield 
more information about the depositional and surface environments of past times, and how 
diagenetic alteration affected the environment during the formation of karst features. In the 
petroleum industry, paleokarst features can have positive or negative consequence resulting in a 
potential reservoir with enhanced porosity due to the paleokarst features, or as a geo-hazard to 
prepare for or avoid when drilling.  
Inspired by issues faced when drilling in the Ft. Worth basin, this study utilizes multiple 
3-D seismic surveys and subsurface well control to map paleokarsts within the Viola Limestone 
in the Arkoma Basin. Calculated seismic attribute volumes used to identify paleokarst sinkholes 
within the Viola Group include coherency and curvature attributes. ImageJ software was used to 
aid in counting and measuring paleokarst sinkholes identified using seismic mapping, coherency, 
and curvature attribute volumes. In addition to mapping, a cumulative distribution plot was 
produced from the diameters of the seismically mapped paleokarst sinkholes, allowing for an 
estimate to be made as to what the total amount of paleokarst sinkholes are within the study area.  
The methods detailed in this study proved to be effective in mapping and analyzing 
paleokarst sinkholes within the Viola Group. The paleokarst sinkholes mapped were determined 
to have been formed on the outer edge of the Southern Oklahoma aulacogen, as a result of the 
Sylvan/Viola unconformity. In addition to this, it has been determined that these paleokarst 
sinkholes are linked in formation to visually similar paleokarst sinkholes located in the 
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 Paleokarst is karst topography that has since been covered by sediment and is no longer 
an active part of the current landscape. Paleokarst deposits are widespread much like modern 
karst topography. More recently paleokarst sinkholes have become important to understand and 
map because they are targeted as a reservoir for petroleum. Paleokarst are ancient karst terrains 
or caverns that have collapsed and been covered and, in some cases filled in sediment. When 
they collapse, several kinds of breccia can be formed, such as cavern-fill parabreccia, collapse 
breccia, crackle breccia, solution-enlarged breccia fractures and vugs, sediment infill, and 
conduits and channels (Brinkerhoff, 2007). Geologically, understanding paleokarst better allows 
geologists to make sense of the past environments, specifically yielding information about the 
regional hydrogeologic environment at the time of formation of the karst. These karst features 
can also affect the deposition of sediments above them via thickness variations.  
In areas of widespread paleokarst sinkholes such as the Tarim Basin in China paleokarst 
features are targeted by the petroleum industry because breccia within them forms secondary 
porosity, which allows the rock to retain a larger amount of hydrocarbons than the surrounding 
rock (Northcutt and Johnson 1997). However, if not planned for, or if their location is unknown, 
paleokarst features can pose a drilling hazard. This will have an effect on production values for 
wells in proximity to paleokarst features by causing losses in drilling mud circulation and 
potential communication with water bearing formations.  
This study will focus on paleokarst sinkholes that exist within the Viola Limestone 
Formation in the Arkoma Basin. Paleokarst features are buried deep under the younger sediment, 




in outcrops, penetrating them when drilling and taking core for analysis, and using a geophysical 
seismic survey to image the subsurface.  
Ordovician in age, the Viola Limestone is found in the subsurface in the midcontinent 
region. Outcrops occur in the Arbuckle and Wichita mountains in Oklahoma. The Viola 
Limestone has primarily been exploited in Oklahoma for the petroleum industry. This has 
allowed for a better understanding of where it lies in the subsurface due to cores and well logs 
made available by the petroleum industry, allowing for good subsurface well control. Beds 
correlating to the Viola Limestone have been found over a wide geographic area, including 
South Dakota, Texas, and Colorado (Wengerd, 1948). The Viola Limestone was deposited in a 
shallow ramp environment that existed in an inland Ordovician sea that was located in present 
day Oklahoma (Sykes, 1995). Figure 1 shows the stratigraphic column that will be used for this 
study, with the primary formation of interest being the Viola Limestone, and secondary interests 
in the Sylvan Shale, Hunton Group, and the Woodford Shale.  
This study will use a 179.19 square mile 3-D seismic survey to map and analyze 
paleokarst located within the Viola Limestone. The study area is located in Coal and Hughes 
County, Oklahoma, highlighted in red in Figure 2. This survey was generously provided for this 
study by Devon Energy, EnerVest, Newfield Exploration, and Seismic Exchange Inc. 
Professionally calculated attribute volumes of the seismic survey (curvature and coherency) will 






Figure 1 – Stratigraphic column used for this study. Specifically focusing on Ordovician aged 




Figure 2 – Study area highlighted in red, in Coal and Hughes County, Oklahoma (modified from 
World Atlas, 2015). 
 
a. Motivation for Study  
This study was originally motivated by petroleum wells underperforming in the Fort 
Worth Basin of Texas. Underperforming wells in this area have been determined to be caused by 
paleokarst sinkholes in the underlying Ellenburger Formation. Accidentally hydraulically 
fracturing too close to these sinkholes allowed large amounts of water to propagate into 
horizontal wells in the Barnett Shale (Baruch et al, 2012).  The original task for this study was to 
evaluate horizontal Woodford Shale wells within the Arkoma Basin to determine if the same 
water production issues occurred in this area due to paleokarst sinkhole proximity in the Viola 
Group. However, underperformance due to water encroachment was ruled out for the Viola 
Limestone paleokarst and the Woodford Shale wells. The issue in the Ft. Worth Basin is that the 
underlying Ellenburger Formation is water bearing, so hydraulic fracturing too close to it allows 




paleokarst sinkholes, which have increased fracture networks than the surrounding host rock. A 
high density of paleokarst sinkholes that have high amounts of natural porosity and natural 
fractures in the Ellenburger Formation cause water to move into horizontal Barnett Shale wells. 
While there is a large number of documented paleokarst features in the Viola Limestone, which 
in some areas comes into contact with Woodford Shale, there is not the same amount of water 
within the Viola, so it does not cause the same production issues as in the Ft. Worth Basin.  
However, this does not make this study less useful in terms of an industry analysis. Noted 
by Mathews 1994, loss of drilling mud circulation or drill bit drops can occur when the natural 
fractures and secondary porosity caused by paleokarst formation are intersected by drilling. To 
account for this, early drilling techniques included placing immense quantities of hay or other 
absorbent material downhole to stem the loss of drilling fluid (Mathews, 1994). In more recent 
times, encountering paleokarst feature means quickly adjusting the drilling muds viscosity to 
account for the change in porosity to reduce the loss of drilling fluids. Not doing so can cause 
drilling mud loss or damage to the drill bit and stem, causing expensive repairs and costly 
downtime spent not drilling. Investigating methods to map paleokarst occurrence using 3-D 
seismic can better prepare those drilling to either adjust the mud viscosity or to avoid the 
paleokarst altogether.  
The main goal that will be accomplished in this study is to delineate paleokarst sinkholes 
using seismic mapping techniques. Characterizing paleokarst features will help add to the 
geologic history of the area and help add to the research discerning the formation of said 
paleokarst deposits. From this, paleokarst frequency and diameter within the study area will be 




Silurian times. This will add to a better understanding of the deposition and diagenetic 
environments that occurred in the formation of the Arkoma Basin.  
b. Data 
Devon Energy, EnerVest, Newfield Exploration, and Seismic Exchange Inc. have 
provided a personal academic research license for a 179 square mile 3-D seismic survey named 
the Greater Northridge Merge 3-D. This survey is a merge of five different surveys: Northridge 
3-D, King Hollow phases I, II, and III, and Centahoma 3-D. The original Northridge 3-D survey 
was co-financed by Devon Energy and EnerVest. King Hollow Phase I, II, & III was co-financed 
by Devon Energy and Newfield Exploration. Centrahoma 3-D was co-financed by Devon Energy 
and Seismic Exchange Inc.. These surveys are shown on Figure 3. The Greater Northridge 
Merge 3-D is located in Oklahoma, on the border of Hughes and Coal Counties. The Northridge 
Merge survey, the merge of all five surveys, has had professionally calculated attribute volumes 
created by Resolve GeoSciences Inc.. The two most applicable attribute volumes to this study are 
coherency and curvature, but other attribute volumes have been provided to see if the paleokarst 








c. Karst Formation 
 Karst is a kind of landscape that is the result of a specific diagenetic process. This process 
occurs in carbonate or evaporitic rocks and is primarily caused by acidic meteoric waters moving 
through the rocks to create both surface and sub-surface features (Sykes, 1995).  White (1988) 
notes that the most characteristic landforms formed due to karst processes are sinkholes, caves, 
and underground drainage systems. This leads to sinking streams above ground which interrupt 
surface drainage.  
The most common type of karst feature is surface karst, known as epigenetic karst. The 
driving factor in formation is the chemical imbalance of the meteoric water moving through the 
carbonate rocks. Other important factors include “matrix porosity, mineral composition, degree 
of fracturing, thickness of beds, […] climate and vegetation, position of water table, and length 
of exposure to meteoric water” (Matthews, 1994). The system is working towards reaching 
chemical equilibrium with respect to carbon dioxide (CO2) and the dissolution of calcium 
carbonate (CaCO3). As water (H2O) comes into contact with atmospheric carbon dioxide (CO2) it 
produces carbonic acid (H2CO3). This weak acid comes into contact with limestone (CaCO3) and 
begins to dissolve the limestone, producing a free calcium ion (Ca2+) and bicarbonate (HCO3
-). 
As long as there is CO2 within the system it will continue to dissolve carbonates (Sykes, 1995). 
Within karst systems, the meteoric water moving through the system is refreshed with water 
from the surface that will have contact with atmospheric CO2, thus replenishing it. This allows 
for continued diagenetic alteration of the carbonate rocks.   
There are two zones in the karst profile: vadose and phreatic. These zones are dictated by 
the water table level. Figure 4 displays these zones within a typical karst profile that develops 




small fractures. Over time these fractures are enlarged by the karst process of slightly acidic 
water moving through the fractures. A typical cross section view of the vadose zone is that of a 
teardrop shape. Eventually the meteoric water moves down to the water table, or is stopped by an 
impermeable formation. This marks the transition into the phreatic zone. At this point the water 
will begin to move laterally through the formation and begin to form cave networks. The typical 
cross section of the phreatic zone is a wide tube. If the water table changes, then the cave 
formation will move along with it, causing abandoned caverns, or underwater caves. These 





Figure 4- Idealized karst profile (Lynch, 1990 from Esteban and Klappa, 1983). 
In addition to scientific research interest, karst features are important to understand 
because of potential hazards for those that live above them. In heavily karstified areas such as 
Florida, sinkholes have opened up and swallowed entire houses. Additionally, understanding 
active karst conduits is important for mapping water movement to ensure water that might be 
used for drinking has not passed through hazardous layers and become unknowingly 





 Paleokarst is karst terrain that “has been buried by younger sediments or sedimentary 
rocks or otherwise removed from the sphere of active meteoric diagenesis” (Matthews, 1994; 
Choquette and James, 1988). Paleokarst deposits are of significant importance to the petroleum 
industry. Often they are targeted due to enhanced porosity as a function of the karst formation 
and collapse process. In Oklahoma’s petroleum history, Hunton Group (Silurian – Devonian) 
paleokarst reservoirs have been targeted for oil and gas for roughly 80 years (Matthews, 1994). 
In addition to the interests of the petroleum industry, the porosity of paleokarst also allows for 
fluids other than petroleum to flow through the paleokarst, causing the formation of economic 
minerals (Sykes, 1995). In order to observe paleokarst, the terrain in which the original karst 
formed in must remain intact and as unaltered as possible so erosional processes don’t wipe the 
karst features completely from the geologic record (Sykes, 1995).  Paleokarst is also of 
importance to geologists because it can provide a window into the geologic past and show what 
diagenetic environments existed after deposition of affected layers.  
China’s largest oil basin, the Tarim Basin, contains Ordovician paleokarst deposits that 
have been specifically targeted for hydrocarbon production (Xukui et al, 2004). The production 
is mostly from epikarst layers, the highest weathered zone of the paleokarst (Yang et al, 2010). 
This has put special emphasis on 3-D seismic surveys, and more specifically, on using seismic 
attribute analysis to successfully map and characterize paleokarst deposits for the targeted 
extraction of hydrocarbons. By being able to better image and characterize the paleokarst within 
the Tarim Basin, geoscientists have been able to determine the ideal paleokarst deposit from 
which to extract petroleum. This area, along with production from paleokarst in basins in 




e. Seismic Attributes 
 Seismic attributes are a quantity that is extracted, calculated or manipulated from original 
seismic data. These attributes can be better tuned to image particular geologic structures or 
occurrences and in turn allow for better understanding of the environment as opposed to a 
general post stack migration of the 3-D seismic survey. Once these attributes are calculated they 
are turned into a 3-D cube like the original 3-D seismic data to allow for the best visualization. 
This study will use two seismic attributes, coherency and curvature, to delineate paleokarst in the 
subsurface of Central Oklahoma.  
i. Coherency Attribute 
 Coherency is a technique used to analyze the similarity of seismic traces within a fixed 
viewing window around a specific trace. Laterally and vertically similar traces will be recorded 
as highly coherent. (Guan et al, 2006). This means that the coherency attribute is very effective 
in delineating disruptive features such as faults and paleokarst sinkholes where there is a sharp 
change in the continuity of the seismic trace. When calculating coherency, the parameters are 
how large a search window the traces be compared too and in how many directions outward the 
traces will be compared. At its simplest, it can be calculated on an X and Y plane, or more 
complicated, trace similarity can be calculated 360 degrees around the trace. This allows for a 
“quantitative measure of changes in waveform across a discontinuity” (Hakami et al, 2004). This 
means that the coherency can be tuned to the correct viewing window size to highlight structures 
of specific size. For viewing large regional faults, the search window can be fairly large, but 
when looking to highlight small scale paleokarst sinkholes, the search window can be adjusted to 




 Figure 5 illustrates the concept of coherency using data from this study. The figure is 
zoomed in on the area and is showing the coherency attribute applied across the tracked Viola 
Group horizon. Dark blue and black areas are highly coherent, so they are not disrupted. Areas in 
red and yellow are low in coherency and are likely disrupted by faulting or paleokarst features. 
The red circle highlights coherency anomalies typical to this area which are interpreted to be 
paleokarst sinkholes because of their circular nature. Just below the circle are linear features 
interpreted to be large fault trending across the survey.  
ii. Curvature Attribute 
Curvature is defined as the radius of a circle tangent to a curve (Cardona-Valencia, 2014).  
Curvature highlights “subtle faulting and fracturing that is below seismic resolution” (Hakimi et 
al, 2004). Curvature will show geologic features such as anticlines and synclines. Positive 
structures, anticlines, have positive curvature, and negative structures, synclines, have negative 
curvature. As long as the surface is flat it will have zero curvature, so dipping flat planes have 
zero curvature. This is illustrated in Figure 6, adapted from Roberts, 2001. The grey arrows 
represent vectors normal to the surface. In positive curvature, as one moves across the anticline, 
the vectors move away from each other. The reverse is the case in instances of negative 
curvature; as one moves across the syncline, the vectors will become much closer together 
indicating negative curvature. In flat areas, there is no change in the vectors, so there is zero 




Figure 5 – Coherency attribute applied across Viola interpreted horizon. Note circular features 




Figure 6 – In 2-D showing the sign convention for curvature, associated with geologic structures. 
Grey arrows represent vectors from the surface. Adapted from Roberts 2001. 
 
 For highlighting paleokarst sinkholes, the most significant attribute of curvature to select 
is most negative curvature. This specific subset of the curvature attribute shows the highest 
negative curvature values normal to the horizon of interest (Cardona- Valencia, 2014, Roberts, 
2001). Chopra and Marfurt (2007) note that the most-negative and most-positive curvatures are 
the clearest option to highlight faults and folds. Figure 7 illustrates an example of the most 
negative curvature attribute applied on the Viola Horizon. In this view it looks complicated, but 






Figure 7 – Most negative curvature attribute applied across interpreted Viola horizon. Curvature 








II. Geologic History 
Highlighted on Figure 2 is the study area, located in Central Oklahoma. Geologically, this 
study is within the Arkoma Basin. As described by Amsden & Sweet (1983), “The Arkoma 
Basin is a south-dipping sedimentary-structural Paleozoic basin composed mainly of shallow-
water sediments that thicken toward the south”. It extends from Central Oklahoma to Central 
Arkansas. The area of the basin and the study area are illustrated on Figure 8. The Arkoma Basin 
is one of the most prolific petroleum producing basins in North America (Suneson, 2012). This 
area experienced three major depositional/tectonic events, the Oklahoma Basin, the Southern 
Oklahoma aulacogen, and the Ouachita trough (Johnson et al., 2000) (Figure 9). As described by 
Johnson et al. (2000), “the Oklahoma Basin was a broad, shelf like area [with] thick and 
extensive shallow-marine carbonates interbedded with thinner marine shales and sandstones”. 
The Southern Oklahoma aulacogen was a west-northwest trending trough that existed until the 
Pennsylvanian. The same sediments existed within the trough as outside of it, however, these 
sediments were two to three times thicker within the aulacogen (Johnson et al., 2000).  
The lower portion of the Arkoma Basin was part of the shelf that lay north of the 
Ouachita trough during Cambrian to Pennsylvanian time (Zachry & Sutherland, 1983). This shelf 
formed the southern boundary of the North American craton and a broad epicontinental sea 
covered most of the midcontinent region (Amsden & Sweet, 1983). This allowed for the 
formation of shallow carbonate shelf deposits interbedded within organic marine shales and 
sandstone from Ordovician to Devonian time (Figure 1) (Johnson et al., 1988). Tectonic activity 
during this depositional period was limited. The deposition of Simpson, Viola, Sylvan and the 
lower units of the Hunton Group were strongly influenced by the rifting event associated with 




event had specific controls over the thicknesses and geographic extent of the above mentioned 
formations.  
Figure 8 – Map showing regional extent of Arkoma Basin, and other basins surrounding it 




Figure 9 – Extent of Oklahoma Basin, and Southern Oklahoma Aulacogen (Johnson, et al. 2000) 
 
During the Ouachita fold belt deformation the Arkoma Basin became a peripheral 
foreland basin in middle Atokan time (Suneson, 2012; Amsden & Sweet, 1983). The Ouachita 
Fold Belt formed as a result of the collision of the North American plate with the Gondwanan 
plate in the Early Mississippian (Suneson, 2012). The stress of the Ouachita trend caused 
deformation and faulting to occur across the shelf to the north. Most commonly, the faults are 
large normal faults oriented parallel to the Ouachita trend (SW-NE) (Suneson, 2012). Figure 10 
displays the area of faulting and compression associated with the Ouachita trend. On a smaller 




data. Specifically, there is a large uplifted horst block in the study area that follows the Ouachita 
trend.  
The Arkoma Basin in Oklahoma is bounded to the north by the Cherokee Platform, and 
to the south by the Choctaw Fault zone, giving it a width approximately 20-50 miles across from 
north to south (Trotter, 2014).  It extends from the Arbuckle Mountains in Central Oklahoma to 










Figure 10 – Map of Arkoma Basin and Ouachita Mountains with study area and coherency in study area to show trend of faults in 




a. Simpson Group 
Prior to the Simpson Group, the Arbuckle Group was formed without stratigraphic 
discontinuity. The Arbuckle Group is a succession of carbonate mudstones, laminated dolomites 
or dolomitic limestones (Ham, 1973). This group represents a large change in the depositional 
environment compared to the older Arbuckle Group. The Simpson Group is a series of sandstone 
units that range in thickness from about 150 feet to 715 feet (Amsden &Sweet 1983). These 
sandstone units were formed in a shallow marine environment. The group consists of five 
formations, Joins, Oil Creek, Mclish, Tulip Creek, and Bromide, that were deposited over a 
period of 25 million years (Denison, 1997). These formations begin with a basal sandstone 
(Suhm, 1997). Then transition into thin limestones with varying amounts of shale. Deposition 
ended after 25 million years with the withdrawal of the sea. Simpson sandstones have been noted 
for their excellent reservoir qualities, measuring up to 30% porosity in some areas. This is 
attributed to the large amount of rounding and sorting the sediment went through (Denison, 
1997). Due to the homogeneity of the five formations, one deposition model fits all five. Denison 
(1997) wrote that the basal sandstone was likely deposited as eolian dunes. Then as marine 
transgression proceeded the platform was flooded, disrupting eolian sandstone deposition. With 
the change in sea level alternating layers of carbonates and shales were formed. After this the 
carbonate platform was exposed, allowing for the next cycle of basal eolian sandstones to begin 
deposition.  
b. Viola Group 
Overlying the Simpson Group, The Viola Group is a carbonate sequence that spans 
middle to upper Ordovician time (Figure 1) (Amsden & Sweet, 1983). It is defined as the “strata 




Arbuckle Mountains of Oklahoma. Due to the Viola’s outcrop locations the majority of studies 
on the Viola are in this region, which is relatively close to the study area of this thesis. 
Amsden and Sweet (1983) focused on characterizing the Viola Group in the Arbuckle 
Mountains, where the Viola Group is divided into two formations, the Welling Formation, and 
below it, the Viola Springs Formation. The Welling Formation is an organo-detrital limestone. 
Underlying the Welling Formation, the Viola Springs Formation is a “muddy, irregularly 
bedded, cherty limestone” (Amsden & Sweet, 1983).  
Deposition began with Viola seas transgressing over exposed Bromide carbonates during 
the Ordovician (Denison, 1997). The Viola Group was deposited on a “southward-sloping 
carbonate ramp” (Puckette et al, 2000) associated with the Southern Oklahoma aulacogen. The 
basal unit, Viola Springs, is composed of “cherty, finely laminated lime mudstones” (Denison, 
1997). These mudstones are rich in organics and were deposited in stratified waters below the 
storm wave base (Denison, 1997). The transition of mudstones grading into grainstones 
represents the upper half of the Viola Group, the Welling Formation. Denison (1997) notes that 
“the Viola Group is a classic shallowing-upward sequence.” The lower Viola Springs Formation 
was deposited in deep water. Due to its positioning above the more shallowly deposited upper 
formations of the Simpson group, Denison (1997) believes that the flooding that formed the 
Viola Springs was incredibly rapid. After the initial rapid flooding, the marine environment 
became increasingly shallow. Eventually, the Viola Group carbonates deposition ended abruptly 
as the area was flooded with clay from distal sources (Dennison, 1997). There have also been 
several periods of karstification that the Viola Group experienced. Karst features coinciding with 




unconformity surface between the Viola Group and the overlying Sylvan Shale, and active karst 
occurring at areas where the Viola Group outcrops at the surface.  
c. Sylvan Shale 
The Late Ordovician Sylvan Shale consists of two members. The upper member is a 
dolomitic shale that grades into dolomite and the lower section is described as a dark grey 
noncalcareous shale (Amsden and Sweet, 1983). However, this shift to shale from the Viola 
Group limestones isn’t likely to represent deepening of the sea, but instead, an influx of clay 
muddying of the water (Denison, 1997).  
The Sylvan Shale is a fine mudstone that becomes “increasingly calcareous and dolomitic 
upward”, meaning some of the final sediments of the Sylvan Shale include dolomitic shales 
(Amsden &Sweet 1983). Not known to produce large amounts of petroleum, the Sylvan Shale 
mostly acts as a seal to hydrocarbons produced and stored within the Viola Group carbonates 
below it (Denison, 1997). Additionally, compared to the lower lying Viola Group, the Sylvan 
Shale is considerably weaker. Due to this it often is eroded in outcrops, meaning it is often 
difficult to view the Viola/Sylvan contact.  
d. Hunton Group 
 The Hunton Group is a series of limestones and dolomites deposited during the Late 
Ordovician, Silurian, and Early Devonian time. It was deposited in an epeiric sea with a gently 
inclined seafloor (Al-Shaieb & Puckette, 2000). The Hunton Group is divided into seven 
formations, from the base upwards, the Keel, Cochrane, Clarita, Henryhouse, Haragan, Bois 
d’Arc, and Frisco. The Keel, Cochrane and Clarita Formations are grouped into the Chimneyhill 




oolitic grainstone. From modern analogue studies it has been determined to form in clear, high-
energy environments (Denison, 1997). For post Sylvan deposition, Denison (1997), writes that 
the muddy waters from Late Viola time and the deposition of the Sylvan Shale  occurred as the 
clay source was removed, allowing for clearer waters to begin deposition of lower Hunton Group 
formations.  
 The Henryhouse, Haragan, and Bois d’Arc formations are grouped by Al-Shaieb & 
Puckette (2000) and referred to as HHB. Al-Shaieb & Puckette (2000) writes that the 
“depositional facies are drastically different from those of the underlying Clarita Formation and 
overlying Woodford Shale”. The lower Chimney Hill Subgroup consists of a cleaner packstone 
and grainstone. This transitions into the “marly” limestones and shales of the HHB formations. 
Specifically, the “thin-bedded limestones in the HHB sequence are silty argillaceous mudstones 
and wackestones whereas thicker, more massively bedded limestones are wackestones to 
packstones” (Al-Shaieb & Puckette, 2000). During the formation of Hunton Group, this area 
went through several phases of depositional cycles noted with a shale rich sequence at the base 
attributed to flooding of the surface (Al-Shaieb & Puckette, 2000). As water levels rose transport 
energy rose as well. This is indicated by a shift from argillaceous limestones transitioning into 
fossiliferous limestones at the top of a cycle (Al-Shaieb & Puckette, 2000). The cycle is then 
completed with a higher-energy ledge-forming carbonate (Al-Shaieb & Puckette, 2000). 
Subaerial exposure of the ramp leading into the widespread erosion of Hunton Group Formations 







e. Woodford Shale 
 The Woodford Shale represents a large change in the depositional environment. The 
Woodford Shale was formed in a deep marine environment as opposed to the previous 
formations that where formed within a shallow marine environment. The Woodford Shale lies 
uncomformably over the Hunton Group carbonates. This unconformity represents a period of 
uplift and erosion of the Hunton Group carbonates. In some areas the Hunton Group has been 
entirely removed and the Woodford Shale rests on the Sylvan Shale (Brinkerhof, 2007). Due to 
this period of uplift and erosion, the thickness of the Hunton Group has a large variation in 
thickness across Oklahoma. Additionally, it was during this period of uplift and erosion that 
karstification occurred in carbonates in the Hunton Group. In some areas where the Hunton 
Group was removed due to the pre-Woodford unconformity karstification occurred to the Viola 
Group (Sykes, 1995).  
 The Woodford Shale is an organic-rich hydrocarbon source rock that extends almost 
entirely throughout Oklahoma (Cardona-Valencia, 2014). The most common facies of the 
Woodford Shale is black shale, but it also has chert, siltstone, sandstone, and dolostone facies 
(Cardona-Valencia, 2014). It was deposited in deep marine settings through a series of 
transgressive seas on the unconformity surface above the Hunton Groups. The unconformity 
surface and paleokarsting located in the Hunton Group caused the surface that the Woodford was 
deposited on to be irregular, causing some thickness variations to the Woodford deposition 






f. Previous Work 
 The Viola Group has had both academic and industry related research done to it. 
However, most of these studies have focused on reservoir characterization or outcrop analysis 
with little work done with regards to karst and paleokarst deposits. This previous work section 
will highlight the work that has examined the karst and paleokarst within the Viola Group.  
The Viola Group was first described by Taft (1902), located in an outcrop near the village 
of Viola, in Johnston County, OK (Figure 11). He described it as coarser at the top and at this 
outcrop location, roughly 700 feet thick. 
The first mention of a potential for karst feature formation was in a brief discussion, 
Lower Paleozoic Unconformities, by Edson (1930). He wrote that several important 
unconformities in Oklahoma have gone unnoticed, mentioning the “Post-Fernvale-pre-Sylvan 
(intra-Richmond)” unconformity (Edson, 1930). Note there was a name change later on changing 
the upper section of the Viola Group from Fernvale, to the now accepted Welling Formation. 
This was not a mention of karst specifically, just an unconformity that needed more study. 
The first dedicated study of the paleokarst features of the Viola Group was done by Al-
Shaieb, Puckette, Abdalla, Rice (1994) in a workshop. Their work used core samples from the 
Oklahoma Core depository (OPIC) and outcrops in the Arbuckle Mountain area (Figure 11). 
Their research concluded that the Viola Group experienced several episodes of karst 
development. Additionally, their work began to characterize the various types of karst and 
paleokarst deposits found within the Viola Group in both core and outcrop samples.  
Sykes (1995) built upon research done by Al-Shaieb et al. (1994) by providing in depth 




different types of collapse breccias, cements, and collapse features. From this characterization he 
concluded that there were “several episodes of uplift and meteoric diagenesis” (Sykes, 1995) that 
altered the Viola Group. He determined these episodes to be, “1) Intra-Viola, 2) Sylvan/Viola 
unconformity, 3) Pre-Woodford unconformity, 4) Peri-orogenic (Pennsylvanian Orogenies), 5) 
Post Arbuckle Orogeny, and 6) Active Karst” (Sykes, 1995).  
Gao, Dworkin, Land, and Elmore (1996) provided evidence for diagenetic alteration 
when investigating the geochemistry of the Viola Group. Using data from δ13C values, 87Sr/86Sr 
ratios,  and Mg and Mn concentrations, they noted that “samples from the upper Viola section 
appear to have undergone more alteration because they have generally lower Mg and Sr and 
higher Mn content, and more scattered δ13C values, relative to samples from the lower Viola 
section” (Gao et al., 1996). They determined this pattern to be the result of an unconformity 
related to meteoric diagenesis at the Viola/Sylvan contact.  
Figure 11 – Location of this study in relation to relevant previous studies. Al-Shaeib et al. 
(1994), Sykes (1995), Gao et al. (1996), and Payne (2008) studies were all utilized samples from 





The most recent mention of karst within the Viola Group was by Payne (2008). This 
study primarily focused on outcrops of the Viola Group with conclusions on the deposition of the 
group and its potential as a hydrocarbon reservoir. Mentioned briefly, Payne (2008) notes that 
based on the paleogeography of the middle Ordovician, the development of the Southern 
Oklahoma aulacogen could have allowed for karst formation to occur on its outer flanks where it 
is shallower. Additionally, the author provides a complete list and description of all other 
investigations on the Viola Group, the primary research interest being subsurface studies and 
reservoir characterization.   
There is a lack of geophysical studies of the Viola Group, and, the study of paleokarst 
within the group. Due to this, methodologies were developed from other studies using seismic 
data to map paleokarst. Abad (2013) used 3D seismic mapping techniques, coherency, and 
curvature attributes to delineate and characterize paleokarst collapse features in the Ellenburger 
Group within the Fort Worth Basin, Texas with high levels of success.  
III. Methods  
 The Greater Northridge Merge 3D is a 179.12 square mile survey located in Coal and 
Hughes County, Oklahoma (Figure 12). It was acquired and processed in the late 2000s and used 
dynamite as a seismic source. It has a bin size of 110 x 110 feet, a CMP fold of 46 and a 1 ms 
time sample rate. Figure 13 displays the frequency spectrum values. The frequency spectrum has 














Figure 13 – Histogram of frequency spectrum from OpendTect, taken from Crossline 320 of 
Greater Northridge Merge 3D survey 
 
Devon Energy provided well logs with tops for formations. These well logs were used to 
correlate depths and thickness of the formation in the area. Specifically, this data was relevant to 
calculate the average velocity of the Viola Group. Applying a depth to Viola Group top of 5578 
feet, and a 2-way time depth of 1.224 seconds to an average velocity equation is shown in 
equation 1 and 2.  
Eq (1) V = 2*(Depth)/Time 
Eq(2) V = 2(5578 feet)/(1.224 seconds) 
This yields a velocity of 9114.38 ft/s for the Viola Limestone. Applying this calculation over the 





Eq(3) λ= Vavg/fdom 
Eq(4) λ = 10,000 ft/s/60 Hz 
This yields a wavelength of 166 ft, and means that the vertical resolution of the data is 41.5 feet. 
Lateral resolution is limited by the maximum of either the bin size or the wavelength divided by 
two (Eq 7 & 8). Additionally, the survey acquisition parameters and calculated survey data are 
listed in Table 1.  
Eq(5) Vertical Resolution = λ/4 
Eq(6) VR = 166/4 
Eq(7) Lateral Resolution = max(bin size, λ/2) 
Eq(8) LR = 110 feet 
Survey Parameters 
Area 179.12 Sq Miles 
Bin Size 110  ft. x 110 Ft. 
Inline Range 1-689 (South - North) 
Crossline Range  1-798 (West - East) 
Processing grid azimuth   
CMP Fold 46 
Datum 900 Ft. 
Record Length  3 sec. 
Time Sample Rate 1 ms 
Source Dynamite 
Frequency Range 15-105 Hz 
Dom. Frequency 60 Hz 
Avg Velocity Viola 10000 ft/s 
Wavelength 166 ft. 
Vertical Resolution 41.5 ft 
Lateral Resolution 110 ft 






A synthetic seismogram was created from the Rogers Trust 1-24 with tops provided by 
Devon Energy and is shown in Figure 14. From the synthetic seismogram the top of the Viola 
Group was picked using OpendTect seismic software and mapped over the survey. Figure 15 
shows the synthetic seismogram applied across the seismic in an inline view, and Figure 16 
shows a zoomed in inline view of the Viola Group top in addition to Wapanucka Limestone, 
Cromwell Limestone, Jefferson Sandstone, Caney Shale, Woodford Shale, Hunton Group, 
Sylvan Shale, and the lower lying Simpson Group. Before the horizon could be auto tracked 
across the entire survey all faults displacing the Viola peak were mapped. This was done using 
an inline view of co-rendered post stack migration with the coherency attributes to see areas of 
low coherence that could attributed to faults displayed in conjunction with the seismic traces 
(Figure 17).  
Figure 18 displays the tracked Viola horizon in time, amplitudes, and the faults that were 
mapped. The paleokarst deposits are of a scale that they can be identified from a time structure 
map preliminarily. Figure 18-b displays the tracked Viola horizon with seismic amplitudes 
applied across the horizon. Areas of low amplitudes are associated with paleokarst sinkhole 
features due to them having breccia associated with their collapse, reading as low seismic 
amplitude. Figure 19 illustrates a 3D view of the tracked Viola horizon. As shown on Figure 18-
c, the displacement of faults trending through the survey can be best seen in the 3D view of the 
horizon. Specifically, the large uplifted horst block in the middle of the survey can be easily seen 
in this type of view. Figure 20 shows a zoomed in view of a single paleokarst sinkhole. This 
same paleokarst feature is shown on in inline view in Figure 21 with post stack migration and a 
co-render of post stack migration and coherency. Using this type of view (Figure 21) helps to 




After the Viola horizon was mapped across the survey the coherency attribute was 
applied across the horizon (Figure 22). This helped to highlight some of the smaller scale 
paleokarst that aren’t as easily seen on the time structure map. Due to the large amount of 
paleokarst, counting them by hand would not have been an effective use of time. ImageJ is a 
Java based image processing software developed for use in the medical field to aid in cell 
imaging and analysis. For this study’s purpose it can be used to count and measure the circular 







































Figure 17 – Inline view showing co-render of post stack migration and coherency used to map faults throughout the survey, black lines 







Figure 18 – a) Time structure map of Viola horizon, b) post stack migration amplitudes of Viola 






















Figure 21 – a) Post stack migration inline view of paleokarst highlighted in Figure 20, 
blue line is tracked Viola Horizon, b) coherency attribute of same inline, c) co-rendered image of 














A color bar was selected in OpendTect that best highlighted all of the paleokarst features 
within the coherency attribute (Figure 23). This image was then loaded into ImageJ and 
calibrated for scale. On this image every 200th inline and crossline is labeled. With a bin spacing 
of 110 feet we know that 200 inlines would be 22,000 feet. Once this is done the entire image is 
calibrated and all measurements recorded in feet. After the image scale was calibrated it was 
changed to an 8-bit greyscale image for the software to count the paleokarst sinkholes. Next the 
image needed to be cleaned up, specifically removing the linear features interpreted to be faults. 
Removing these and the noise on the edge of the seismic survey border made the software run 
smoothly when counting the paleokarst sinkholes. Using image clean up tools in the program, 
Despeckle is selected, which removes any single pixel scale speckles. There are some paleokarst 
that are open on the inside, forming a donut shape, and in calculating the area of these features 
the software would not include the open inside space. Fill holes tool was selected to fill void 
space within the paleokarst sinkholes to set get the total area of each sinkhole. This results in the 
final image used for the Analyze Particles function that will count, measure, and outline all 
particles (Figure 24).  
 The Analyze Particles tool in ImageJ allows size and circularity to be factored into the 
search parameters. Due to the image being cleaned up in previous steps, there was no size limit 
or circularity limit selected as the only objects on the figure used are the sinkholes. The final 
option was to select what can be displayed with the figure. The options are: nothing, outlines, 
bare outlines, ellipses, masks, count masks, overlay outlines, and overlay masks. The best output 
for this study’s needs was outlines. This created a separate image that shows every feature it 




outputs a table that displays the count number, area, perimeter, circularity, Feret’s diameter, 
Feret’s X & Y, Feret’s Angle, and Minimum Feret’s diameter.  





Figure 24 – Final image used for analyze particles function in ImageJ. This image has had all 






Figure 25 – ImageJ output overlay, showing the outlines and count numbers of every feature it 






The data in the ImageJ output table is pre-selected by the user from a large list of 
potential calculations the software can perform. Feret’s diameter is defined as “the distance 
between two parallel tangents on opposite side of the image of a randomly oriented particle” 
(Merkus, 2009). The software measures the particle diameter in the X and Y directions, which is 
the Feret X & Y output, then determines how far off the center the calculated Feret’s diameter is 
and displays this as the Feret Angle. This is an effective way to obtain a diameter for a non-
circular object. In this study a majority of the paleokarst features are circular, but there are some 
outliers that are deformed and oblong. Table 2 is an example of the output data from ImageJ.  
 The analyze particles tool within ImageJ proved to be an effective method to quickly 
count and measure a majority of the paleokarst features. However, in the image processing some 
smaller, dimmer paleokarst features were removed from the picture. To account for this and to 
quality control the work done by ImageJ, the image created by ImageJ (Figure 25) was overlain 
on the original image of the paleokarst highlighted with coherency (Figure 23). At this point a 
polygon tool was used to outline the remaining paleokarst that were not originally picked up by 
the analyze particle tool. In doing this the polygon outlines could be saved to the picture and the 
same measurements taken from the analyze particle tool were taken and added to the table. 
Figure 26 illustrates the overlay technique used to determine which paleokarst features were not 
highlighted by ImageJ analyze particle tool. This entire table was then exported to Microsoft 









ImageJ Software Output Table 
Count Area Perim. Circ. Feret Median %Area FeretX FeretY FeretAngle MinFeret AR Round Solidity 
1 233579.3 1912.471 0.803 806.004 255 100 27083.29 2990.269 147.995 483.3 1.87 0.535 0.81 
2 116789.6 1137.473 1 460.088 255 100 68776.18 3332.014 158.199 341.745 1.209 0.827 0.889 
3 51095.47 724.951 1 308.045 255 100 19650.34 3417.45 123.69 256.309 1.069 0.936 0.875 
4 109490.3 1258.298 0.869 547.059 255 100 65102.42 3844.631 38.66 302.063 1.914 0.522 0.833 
5 36496.76 724.951 0.873 270.173 255 100 56815.11 3759.195 108.435 241.65 1 1 0.714 
6 1262788 4579.21 0.757 1513.934 255 100 19137.72 4528.121 163.61 1351.594 1.086 0.921 0.83 
7 124089 1358.393 0.845 573.124 255 100 64333.5 4442.685 26.565 341.745 1.803 0.555 0.85 
8 51095.47 724.951 1 308.045 255 100 62197.59 4698.994 123.69 256.309 1.069 0.936 0.875 
9 160585.8 1499.949 0.897 573.124 255 100 48869.53 5126.175 153.435 496.88 1.175 0.851 0.786 
10 233579.3 1720.869 0.991 688.809 255 100 62795.64 5211.611 150.255 512.617 1.256 0.796 0.889 
11 116789.6 1187.521 1 498.175 255 100 65273.29 5553.356 59.036 341.745 1.392 0.718 0.889 
12 102190.9 1116.743 1 498.175 255 100 64077.19 5467.92 30.964 256.309 1.662 0.602 0.966 
13 72993.53 1016.648 0.887 460.088 255 100 28621.14 5809.665 21.801 256.309 1.69 0.592 0.833 
14 65694.17 895.823 1 382.083 255 100 72364.5 6664.027 63.435 256.309 1.34 0.746 0.857 
15 160585.8 1429.171 0.988 573.124 255 100 45195.78 6749.464 153.435 427.181 1.308 0.764 0.863 
16 124089 1208.251 1 498.175 255 100 73389.74 6664.027 120.964 362.475 1.385 0.722 0.85 
17 21898.06 483.3 1 241.65 255 100 62881.08 8458.189 135 170.872 1.464 0.683 0.857 
18 189783.2 1912.471 0.652 841.449 255 100 70997.52 8714.497 156.038 393.462 2.476 0.404 0.754 
19 80292.88 945.871 1 427.181 255 100 29133.76 9825.169 36.87 256.309 1.372 0.729 0.957 
20 598546.9 3350.229 0.67 1186.918 255 100 25801.75 9739.732 120.256 854.362 1.578 0.634 0.82 






Figure 26 – Figure 25 overlain on Figure 23 to help highlight missed paleokarst features by the 





For investigating potential formation factors for the paleokarst, the curvature attribute 
was used. Figure 7 illustrates the application of the most negative curvature attribute over the 
Viola horizon. However, the most effective way to view the curvature attribute for analyzing 
paleokarst was to co-render most negative curvature with coherency attribute. In doing this the 
transparency of the most negative curvature attribute can be adjusted to allow the paleokarst 
highlighted by coherency to be seen in conjunction with the most negative curvature attribute. 








Figure 27 – a) Most negative curvature attribute co-rendered with coherency attribute applied 
across tracked Viola horizon, b) Co-rendered coherency and most negative curvature zoomed in 







IV. Results and Interpretation  
 From the ImageJ methods 651 paleokarst sinkholes were identified and measured. Of 
these paleokarst sinkholes, the average area is 314,018 square feet. The average diameter, 
derived from Feret’s diameter, is 777.3 feet. When calculating roundness, a perfect circle has a 
ranking of 1, the average roundness for this study’s paleokarst sinkholes was determined to be 
0.707. Adding up the total area of the paleokarst yields 204,425,670 feet. Of the entire 179.19 
square mile survey, 4.09% of the area is occupied by paleokarst sinkholes. These results are 
summarized on Table 3.  
Paleokarst Statistics 
 Feet Miles 
Average Area 314,018 Feet2 0.011 
Total Paleokarst Area 204,425,670 Feet2 7.33 
Average Roundness (0-1) 0.707  
Average Perimeter 2,031.1 Feet 0.39 
Average Feret's Diameter 777.3 Feet 0.15 
Average Feret's Minimum Diameter 518.1 Feet 0.10 
Northridge Survey Total Area 4,995,530,496 Feet2 179.19 
%Total Area Karst 4.092  
Table 3 – Paleokarst Statistics derived from ImageJ analysis 
 It must be noted that there are seismic resolution limits to the data, as mentioned and 
summarized in Table 1. The lateral resolution is 110 feet, meaning that anything smaller than 
that size cannot be resolved in the seismic data. This means that the above calculations in Table 3 
and the number of paleokarst sinkholes counted using ImageJ are only the seismically resolvable 
paleokarst sinkholes. It is reasonable to assume that there are many more paleokarst features that 
are not imaged due to being below the seismic resolution limits. The minimum of the calculated 




Of the seismically resolvable paleokarst deposits, histograms were created to display the 
range in the diameter, and the distribution of circularity (Figure 28 & 29). Displayed on Figure 
28, the diameters have a tight grouping in the 500 – 1500 feet range with few outliers beyond 
those limits. Due to the seismic resolution limitations there will be no paleokarst features seen 
below 110 feet. This can be seen on Figure 28 where the data cuts off at around 200 feet. The 
average circularity of the paleokarst sinkholes was 0.77, and as shown on Figure 29, a large 
majority of the paleokarst sinkholes fall in the 0.9-1 range, meaning they are nearly or are 
perfectly circular. 
 




Figure 29 – Histogram of circularity of paleokarst sinkholes 
a. Cumulative Distribution Analysis 
White et al. (1987) applied sinkhole depth distribution calculations from Troester et al. 
(1984) to their study of sinkholes in Tennessee. However, instead of determining a distribution 
of sinkholes based on the depth of the sinkhole, they fit equations to the distribution of sinkholes 
based on their diameters. Applying their technique for determining sinkhole distribution based 
on diameter to this study’s data provided a trend line from which the amount of sinkholes below 
the seismic resolution could then be calculated for an estimated total paleokarst sinkhole count 
within the survey. In their study, White et al. (1987) determined that based on the distribution a 




White (1988) notes that most karst terrains exhibit a linear distribution of karst feature sizes. For 
their study they determined that equation (Eq 9) could be fitted to their data to show the 
distribution of sinkholes based on diameter. In (Eq 9), N represents the number of sinkholes and 
d is the diameter of the sinkholes. 560 is the y-intercept, the total number of sinkholes, and -
0.0043 is the slope of the line.  
(Eq 9) N = 560 e-0.0043d 
The histogram created from the counted paleokarst sinkholes in Figure 28 was converted 
to a cumulative distribution function (Figure 30.). The center of bins line shown on the figure is 
calculated to create points at the center of each bin corresponding to the count number and the 




Figure 30 – Cumulative distribution of paleokarst sinkholes with calculated center of bins trend 
line 
 
The points collected from the center of bins line on Figure 30 are plotted on a log-normal 
plot and a trend line (Eq 10) is calculated and applied.  
(Eq 10) N = 1097 e-0.0021d 
From this trend line the number of paleokarst sinkholes that cannot be seen due to 
seismic resolution limits can be estimated (Figure 31). The y-intercept of (Eq10) is 1097, 
meaning that based on this trend line, it can be estimated that there are a total of 1097 paleokarst 
sinkholes in the study area determined from the distribution of sinkhole diameters. Subtracting 




sinkholes below the 110 foot seismic resolution limit. Furthermore, this means that of the total 
calculated paleokarst sinkholes (1097), 59.3% of the sinkholes are above the resolution limits 
and can be imaged. Additionally, the total sinkholes per square mile ratio is now 6.12 
sinkholes/sq mile. Important to this trend line is that the distribution of the paleokarst sinkhole 
diameters in this study is in fact a linear distribution. This helps to further solidify that the 
paleokarst sinkholes within this study are similar to that of a typical karst terrain as described by 
White (1988).  
Figure 31 – Log normal plot of cumulative distribution with (Eq 10) applied to calculate and 





White (1988) detailed the different types of sinkhole features formed through the karst 
processes. Figure 32 shows the different types of sinkholes, based on differences in size. This 
study’s data has a minimum diameter of 120 feet (36.5 meters), a maximum diameter of 3586.3 
feet (1093 meters), and an average diameter of 777.4 feet (236.8 meters). Plotting this on Figure 
32 shows that the range of sinkhole types covers three specific types of sinkholes. Starting at the 
smallest, compound dolines (sinkholes), caprock protected dolines, and at the largest end of the 
spectrum, tropical cockpits.  
 
Figure 32 – Sketch illustrating the size scale and associated types of sinkhole features with this 





Compound sinkholes are formed when individual sinkholes grow and begin to merge into 
a larger single depression with multiple inlet points (White, 1988). Caprock protected sinkholes 
are larger closed depressions that have usually developed on the margins of plateaus (White 
1988). The tops of the plateau are protected by a caprock that allows for preliminary protection 
of the limestone until it is breeched. After this occurs deep vertical shafts begin formation in 
limestone. Cockpit sinkholes are much larger sinkhole features that are primarily found in 
tropical karst environments with thick limestone deposits (White, 1988). The name cockpit 
comes from the type locality in Jamaica where the sinkholes resemble the bowl-shaped arenas 
used for cock-fighting (White, 1988).  
b. Modern Proxy 
Size ranges of sinkholes from this study are displayed on Figure 32. The three 
generalized types of sinkholes found in this area from seismic mapping are compound sinkholes, 
caprock protected sinkholes, and cockpit sinkholes. However, based on the geologic environment 
of the time period it isn’t likely that there are caprock protected sinkhole features. 
The above estimations of sinkhole types based on size, calculations determining the 
average size, amount, and depression density of the paleokarst were combined with the known 
environment and geology of the Viola Group to determine a modern proxy for the paleokarst 
identified in this study. Based on the paleogeography during and immediately following the 
Viola Group deposition the study area was in a tropical marine environment. The cockpit karst 
region of Jamaica aligns with these calculations, environment descriptions and will serve as the 





c. Curvature Characterization 
 Based on methods used by Abad (2013), paleokarst sinkholes where characterized by 
applying coherency, most negative curvature, and most positive curvature to the Viola horizon. 
In doing this two paleokarst sinkhole characterizations were determined: Curved bottom 
paleokarst sinkholes and flat bottom paleokarst sinkholes. Almost all of the paleokarst sinkholes 
display a characteristic image when applying the most negative curvature and most positive 
curvature to the Viola horizon in a co-rendered image. The outer edge of the paleokarst sinkhole 
typically displays positive curvature around the rim. The inside of the paleokarst sinkhole 
displays negative curvature. Figure 33 displays a generalization of the positive curvature rim 
surrounding the sinkhole and the negative curvature reading within the sinkhole depression itself. 
In Figure 33 blue represents positive curvature and is seen forming the outer rim of the 
paleokarst deposits. Red represents negative curvature and is seen as the paleokarst begins to 
deepen into more of a depression. Figure 34 displays the co-rendered image of most negative 
curvature, most positive curvature, and coherency. Coherency is added in to help in the initial 
identification of paleokarst locations. A subset of the two above characterizations is seen when 
the positive curvature rim around the paleokarst does not completely surround the feature 














Figure 33 – Generalization of curvature attributes as they are displayed over a paleokarst 













Figure 35 displays a co-rendered image of coherency, most negative curvature, most 
positive curvature, most negative curvature alone, and the most positive curvature alone of a 
single paleokarst sinkhole. This type of curvature characterization is the curved bottom 
paleokarst. In this type the positive curvature still exists as a ring around the paleokarst and the 
inside of the paleokarst reads entirely as negative curvature. This is interpreted to be a paleokarst 
sinkhole where the contact between the sides and the inner depression is more gradual, allowing 







Figure 35 –Curved bottom paleokarst sinkhole curvature characterization, a) co-rendered image 
of most positive curvature and most negative curvature, b) most negative curvature alone, c) 
most positive curvature alone 
 
Figure 36 displays the second type of paleokarst curvature characterization in the same 
format as Figure 35. This represents a paleokarst deposit that doesn’t exhibit negative curvature 
in the center of the sinkhole, but instead reads as no/zero curvature. This is interpreted to have a 
flat bottom which is indicated as no curvature. This is interpreted to be a potentially deeper 
sinkhole that has steeper sides. This would cause the change between the sidewalls of the 






cause the curvature attribute to indicate no curvature. However, if the lack of negative curvature 
at the bottom of a sinkhole is not related to the geology of the paleokarst sinkhole itself, it could 
also be a function of the picking parameters and how the OpendTect software extrapolated the 
picked horizon across the sinkholes. In these instances the picked horizon in some areas could be 
more jagged due to the disruption in the seismic traces associated with sinkhole features, causing 
it to appear as a flat bottom.  
 
Figure 36 – Flat bottom paleokarst sinkhole curvature characterization, a) co-rendered image of 
most positive curvature and most negative curvature, b) most negative curvature attribute alone, 







Figure 37 illustrates the open rim curvature characterization, which is a subset of the two 
previously mentioned curvature characterizations. In this type the positive curvature rim around 
the paleokarst sinkhole does not completely surround the sinkhole. In these cases of disruption 
the break in curvature is thought to be attributed to small sub-resolution faulting or a potential 
water input source that helped to form the sinkhole.  
Figure 37 – Open rim paleokarst sinkhole curvature characterization, a) co-rendered image of 








In addition to the open rim features, there are clusters of paleokarst sinkholes that appear 
to be connected in a linear trend with a curvature anomaly being the point of connection. Upon 
viewing the time-structure and coherency in these areas, nothing is visible. If this connection is 
geologic, then it is interpreted to be either small scale faulting or remnants of channel flow paths 
that were sourcing the karst formation process. These most likely are not visible on the time 
structure because they are of a small enough scale that they fall below the seismic resolution 
limit. An example of this is shown on Figure 27 b) and c).  
 When assessing the trends of the paleokarst placement throughout the survey the first 
trend that can be noted is that there appear to be no clusters of paleokarst. Almost all paleokarst 
placements appear in a linear fashion. In addition to this there are two different linear trend 
directions. The linear arrangements of sinkholes appear either parallel with the general fault 
trends or perpendicular to the fault trends. Passing through the middle of the survey is a 
bounding fault of a large horst block (Figure 19). The splay faults coming off of this larger horst 
block fault have many paleokarst along their trend. This produces a type of karst feature known 
as “string of pearls” (Schuelke, 2011), where karst form preferentially along a fault or joint due 
to preferential water drainage associated with the fault or joint.  
 Figure 38 displays the perpendicular and parallel paleokarst sinkhole placement trends. 
They trend in two group, either parallel to the regional faults, or perpendicular to the regional 
faults. Figure 27 displays a situation where the paleokarst sinkholes are presented in a linear 
trend, running perpendicular to the regional fault trends within the area. There are some 
paleokarst outliers that don’t align either perpendicular or parallel to the faults. In addition to 
these there are likely numerous paleokarst features that are below seismic resolution and cannot 




be attributed to the large scale karstification that occurred due to subaerial exposure as a result of 
the Southern Oklahoma aulacogen and could have been connected to the hydrologic environment 
without connection to the faults.  
Figure 38 – Co-render of most positive curvature and coherency. Highlighted paleokarst clusters 
are either parallel or perpendicular to the regional faulting in this area. 
 
d. Karst Timing 
Sykes (1995) determined from outcrop and core studies of the Viola Group that there are 
six different episodes of karst formation the Viola Group underwent, “1) Intra-Viola, 2) 
Sylvan/Viola unconformity, 3) Pre-Woodford unconformity, 4) Peri-orogenic (Pennsylvanian 
Orogenies), 5) Post Arbuckle Orogeny, and 6) Active Karst”.  Active karst can be ruled out due 
to the Viola Group not being at the surface in the study area. Next, Intra-Viola can be struck 




sizes described by Sykes (1995) it is unlikely to see paleokarst sinkholes within the Viola Group 
related to intra-Viola karsting. In areas where the Pre-Woodford unconformity has been 
determined to cause karstification in the Viola Group the overlying Hunton Group has been 
removed, representing an unconformity surface. In this study area the Hunton Group is present 
and shows similar paleokarst features to the ones found within the Viola Group. Due to this it is 
unlikely that the Pre-Woodford unconformity caused the formation of paleokarst sinkholes in the 
Viola Group in this study area as this event likely caused paleokarst sinkhole formation in the 
Hunton Group. The Pennsylvanian and post Arbuckle orogenies formed karst features due to 
uplifting the Viola Group to the surface during their respective times. These orogenies did not 
uplift the Viola Group to the surface to allow for subaerial exposure and subsequent 
karstification in the study area. This process of elimination leaves the Sylvan/Viola unconformity 
as the only candidate for the formation of karst features in the Viola Group in the study area.  
In addition to the process of elimination of other karstification events, another reason to 
assign the Sylvan/Viola unconformity as the event responsible for the paleokarst features seen in 
this study is that the Viola Group was mapped by selecting the positive peak associated with the 
change from the overlying Sylvan Shale to the Viola Group. Due to this, all attribute analysis 
applied to the Viola horizon was done to the top of the Viola Group. This means that the timing 
of karst formation described in this study are likely related to the unconformity surface formed at 
the contact of the Viola Group and the overlying Sylvan Shale as the contact was mapped.  
Outlined by Payne (2008), the Southern Oklahoma aulacogen had major effects on the 
deposition of formations in this region. Related to this study, the aulacogen development had 
controls on Viola Group thickness of deposition. Deeper into the aulacogen there was more 




addition to this, Payne (2008) notes that karst processes can occur on the outer edges of the 
aulacogen. On the outer edges of the aulacogen it is shallower, allowing for a higher likelihood 
of the area becoming sub-aerially exposed (Figure 40). Based on this study’s proximity to the 
estimated location of the Southern Oklahoma aulacogen it is interpreted that the paleokarst 
features in this area were formed on the outer margin of the aulacogen as it began to shallow 
(Figure 41). Moving southwest across the aulacogen, it would be suspected that there would be 
less paleokarst feature development associated with the Sylvan/Viola unconformity. This is 
because there is a lower chance of the area becoming subaerially exposed due to its location 
deeper in the aulacogen. Paleokarst features located deeper into the aulacogen (southwest) would 
most likely be attributed to a different episode of formation than the Viola/Sylvan unconformity 
as described by Sykes (1995).  The Viola Group outcrops in the Arbuckle Mountains which are 
located within the Southern Oklahoma aulacogen. The karst features found in this area most 
likely associated with the Pre-Woodford unconformity where the Hunton Group is removed, and 












Figure 40 – Cross section of Aulacogen with depositional and diagenetic processes shown in 











Figure 41 – This study and Abad (2013) Ellenburger Group paleokarst sinkhole study locations in relation to the approximate location 




The initial motivation for this study was the presence of paleokarst sinkholes within the 
Ellenburger Group of the Fort Worth Basin causing poor well performance in the overlying 
Barnett Shale. In some areas of the Fort Worth Basin the Viola Group has been completely 
removed representing an unconformity, allowing for the Ellenburger Group to have similar 
paleokarst features to ones described in this study (Abad, 2013). The Ellenburger paleokarst 
locations are roughly southwest of this study’s location, placing it on the southwest edge of the 
Southern Oklahoma Aulacogen (Figure 41). The proximity to the aulacogen has been interpreted 
to be a reason for the removal of Viola Group, Hunton Group, and for the unconformity between 
the Ellenburger Group and the overlying Barnett Shale (Woodford Shale equivalent). Once the 
Viola and Hunton were removed karst features could begin to form, causing problems as 
paleokarst sinkholes in relation to wells drilled into the Barnett Shale. It is likely that the 
proximity to the Southern Oklahoma aulacogen, the Sylvan/Viola unconformity, and the Pre-
Woodford unconformity are responsible for karst features found in the Ellenburger Group 
paleokarst sinkhole study areas.  
V. Conclusion 
The initial task of this study was to determine if problems experienced when drilling for 
petroleum in the Fort Worth Basin associated with paleokarst sinkholes in the Ellenburger Group 
were also occurring in the Arkoma Basin in relation to paleokarst in the Viola Group 
communicating hydrologically with Woodford Shale wells. However, this was quickly ruled out 
for several reasons and the focus of the study shifted towards mapping and analyzing paleokarst 
features found within the Viola Group in Coal and Hughes County Oklahoma.  
This was done by applying seismic mapping techniques and attribute analysis to better 




the most effective in both highlighting the paleokarst sinkholes and helping to determine 
potential causes for formation. In addition to seismic attribute analysis, ImageJ software was 
utilized for analytic purposes. The ImageJ software was initially developed for use in the medical 
field to aid in counting cells. Prior to this study it has rarely been used for geologic purposes. 
ImageJ software proved to be incredibly effective in quickly and accurately counting paleokarst 
sinkhole features. Without the aid of this software the process of counting and measuring the 
paleokarst sinkholes would have been tedious and most likely would not have been to the high 
level of detail and analysis that ImageJ software allowed.  
From the seismic analysis there is a total of 651 paleokarst sinkhole features counted and 
measured with an average diameter of 777.3 feet. A lateral seismic resolution limit limited the 
seismic mapping and identification of paleokarst sinkholes to anything larger than 110 feet, 
anything smaller than this size was not able to be imaged. A cumulative distribution function was 
applied to calculate the total number of paleokarst sinkholes, including those below the 
resolution limit, based on the diameters of the known paleokarst sinkholes. This yielded an 
estimated total of 1,097 paleokarst sinkholes, meaning there are an estimated 446 paleokarst 
sinkholes not imaged due to seismic resolution limits. There is no upper limit to the resolution, 
so the methods used in this study mapped and analyzed all paleokarst larger than the resolution 
limits, reaching a maximum size of 3586.3 feet in diameter.  
Using most negative curvature and most positive curvature attributes highlighted the 
paleokarst sinkholes in a different way than the coherency attribute. Most positive curvature 
highlighted the outer edge or extents of the sinkhole features, while the most negative curvature 




From the mapping and analysis of the paleokarst sinkholes, their formation was determined 
to be linked to the Viola/Sylvan unconformity. Overall, the paleokarst placement trend can be 
put into two groups; forming a linear trend parallel to the regional faulting, or occurring in a 
linear trend perpendicular to the regional faulting.  
On a larger geologic scale, the paleokarst features found within the Viola Group in this study 
are linked with the development of the Southern Oklahoma aulacogen. Particularly concentrated 
on the outer edge of the aulacogen where it was much shallower, allowing for more subaerial 
exposure and subsequent karst development during sea regressions. The paleokarst features 
found within the Ellenburger Group of the Fort Worth Basin are thought to also be linked to a 
similar process, described above, on the far South-West edge of the South Oklahoma aulacogen 
(Abad, 2013). 
 
VI. Future Study Recommendations 
This is the first study done with this data at the University of Arkansas. There are several 
additional studies that could be done with this data to further add to this study’s results. Dealing 
specifically with the Viola Group paleokarst, one of the first things that could be done would be 
to calculate coherency with specific parameters to determine if doing so could yield better 
imaging results for the paleokarst sinkholes. The coherency attribute that was used for this study 
was provided with the data and was calculated by an outside company. Due to this the specific 
parameters used to calculate the attribute are unknown and are likely to not have been tuned for 
specifically imaging paleokarst sinkholes. The thickness of the Viola Group could be mapped to 




found. This would also aid in restoring the paleotopography of the Viola Group. Doing so would 
allow potential water flow pathways to be better understood and see how they may have affected 
paleokarst sinkhole development in this area. In addition to this, a nearest neighbor analysis 
could then be done to see how paleokarst feature clusters relate to each other. Finally, mapping 
the overlying Sylvan Shale in order to determine how paleokarst below it in the Viola Group 
affect thickness and depositional variations in the Sylvan.  
Less related to the Viola Group, listed below are some additional study ideas that could be 
done with this data.  
 Apply this study’s techniques and the above mentioned ideas to the Hunton Group 
 Relate Hunton Group paleokarst proximities to wells in the overlying Woodford Shale 
 Mapping of all formations in the survey for stratigraphic analysis 
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